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FACTORS INFLUENCING GROWTH CURVES OF RHIZOBIA 
IN HUMUS AND SOIL CULTURES. 


R, A. HEDLIN, 


Ho 4 4 te wm 
INTRODUCTION, 


When Hellriegel and Willfarth discovered the symbiotic 
relationship between rhizobia and leguminous plants in 1888, 
they opened a whole new field for research, Their discovery was 
ene of those of which Pasteur once said, "What really leads us 
forward is a few scientific discoveries and their application", 
Once the prominent agricultural scientists of Europe 
and America had confirmed the findings of Hellriegel and Will- 
farth, they set about to study means of making practical appli- 
cations of the new knowledge. The study of legume inoculation 
has continued since that time. It is interesting to note that 
legume inoculation, of a sort, had been practiced many centuries 
before. In the second century B. ©., the great Roman agricultural- 
ist Cato wrote, "Sow for feed for cattle, clover, vetch, fenugreek, 
field beans and pulse. Sow these crops a second and a third 
time." While recommending crop rotation to farmers of his day, 
he noted that better results were obtained by growing legumes on 
the same field for several years. What he was unquestionably 
observing, although unaware of it, was what is commonly referred to 


as gradual inoculation - the spread of rhizobia through a field by 
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such agents as wind and running water, 

This is not the only ancient agricultural practice which 
was based Largely on legume inoculation. The transfer of soil 
from one field to another in order to improve the soil producti- 
vity is an old custom handed down from ancient times, The general 
practice when using this technique was to apply at a rate of several 
tons to the acre, soil rich in humus. This practice had a triple 
purpose - the addition of plant food, the addition of bacteria, 
and improvement of the physical properties of the soil. Salfeld 
(as reviewed by Fred et al (14)), reported that in 1883, three 
years before the Hellriegel discovery, he had noted the value of 
top dressing land with soil from another field. The benefit was 
more apparent if the transfer soil was from a field where leguminous 
crops had been grown successfully, 

The concentrated itadly of the problem of legume inoculae 
tion about the turn of the century led to the development of two 
methods of carrying this out. The first of these to come into 
general use was the soil transfer method - similar to that des- 
cribed shove except that 100-500 pounds of transfer soil were used 
per acre. This smaller amount of soil was adequate to serve the 
single purpose of inoculation. This method was used within a 
year of the discovery of the symbiotic valationship between rhizobia 
and legumes, 

There were certain difficulties with the soil transfer 
method which made it rather unsatisfactory. Firstly, the physiologi- 
cal efficiency of the bacteria is now recognized to be of prime 
importance. It is not enough that nodules be formed. They must 


benefit the plant as shown by increased growth and inereased total 


nitrogen in the tissues. The soil transfer method is a reliable 
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way to secure nodules put there is no assurance that they will 
benefit the host plant. In the second place since they are not 
applied directly to the seeds, infection may take place slowly. 
Thirdly, the cost of transporting 100-500 pounds, or even 1,000 
pounds of soil per acre, is almost prohibitive if the acreage is 
large and the distance which the soil must be transported is great. 
In the fourth place, in transferring soil there is considerable 
danger that insects and weed seeds, as well as bacterial and 
fungous diseases may be carried with the soil. | 

For these reasons early in the study of legune inocula- 
tion the use of pure cultures was attempted. Numerous patents for 
the preparation of pure cultures were taken out during the early 
part of the present century. Many of these failed to live up to 
the extravagant claims made for them and many were less successful 
than the soil transfer method had been. However, because of the 
ease with whieh they could be applied, the use of pure culturss soon 
completely displaced the soil transfer method, 

At the present time nearly all inoculation of Legumes 
is carried out by applying to the seed commercial preparations 
consi sting of peat or other high humus mixtures to which rhizobia 
have been added. These humus cultures have replaced the older 
jelly cultures which first appeared on the market about 1900, In 
those days the farmers did not object to the messy jelly inoculants, 
because they were using formaldehyde and other seed treatments 
which were just as difficult to handle. However, when Ceresan and 
other dust treatments were introduced for smut control, farmers 


demanded a better legume inoculant - one in dust form. Commercial 
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producers of inoculants tried to supply a satisfactory culture in 
powder form with the result that "Dust Kote" and several other air 
dry dusts appeared on the market. These dry cultures, however, 
were entirely unsatisfactory because bacteria introduced into a 
dry medium perished very soon and the inoculation material was 
almost worthless by the time it was applied to the legume seed, 

The humus cultures in common use today are prepared by 
commercial companies in the late winter or early spring and shipped 
to retailers for sale to farmers, The culture is usually mixed 
with water to form a suspension which is applied to the seed just 
before seeding. Sometimes, also, the culture is applied to the 
seed in dry form. 

In the use of these cultures poor results are sometimes 
obtained, Preliminary unpublished investigations of some of these 
cultures have been made by the University of Alberta, Depietent 
of Soils. The results indicate that the poor tnoculation obtained 
with many commercial tnoeulants was due to the tremendous growth 
of microorganisms, other than rhizobia, after packaging. Actinomy- 
cetes particularly, eee) Siskoantiy Cesied, The contaminants, either 
by production of growth inhibiting substances or by competition for 
food materials, caused a rapid decline in the numbers of rhizobia 
in the cultures, 

The purpose of the study vepovted here was to make a 
further investigation of the factors which affect the growth 
curve of rhizobia in humus cultures. The study is also concerned 


with the length of time which vhizobia cultures can normally 
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be expected to supply bacteria in numbers which will give adequate 


inoculation of legume seed. 
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REVIEW OF LITERATURE. 


A great deal of work has been done on production of 
commercial inoculants for leguminous plants. The greatest volume 
of literature on the subject was published between 1910 and 
1915, That literature and, in fact, all the literature prior to 
19352, is reviewed by Fred et al (14) in Chapter XIII of their book 
entitled "Root Nodule Bacteria and Leguminous Plants", Research 
work concerned with inoculation has dealt with a number of problems, 
chief of which have been: (1) methods of culturing rhizobia and of 
applying the {noculant to the seed; (2) factors which affect the 
growth of rhizobia in soil and in artificial cultures, It is 
proposed to review the literature under these headings. 


(1) Methods of Culturing Rhizobia and of Applying the Inoculant 
to the Seed, 


The first method of iment uatiee legumes was the soil 
transfer method introduced by Salfeld (as reviewed by Fred et al 
(14)). Within a few years this method was replaced by varying 
techniques whereby the bacteria were applied directly to the seed, 
In one of these methods for example, soil known to contain rhizobia 
was mixed with the seed just before planting. A modification of 
this procedure was reported by the Illinois Farmers' Institute (27) 
in 1915. This modification consisted of moi stening the seed with 
a strong glue or sugar solution before the soil containing nodule 
bacteria was mixed with the seed. This procedure was intended to 
increase the amount of soil which would cling to the seed. Arny 


and McGinnis (7) noted that one bushel of seed treated with glue 
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er sugar solution held 6 to 12 pounds of soil. However, with few 
exceptions, the degree of nodulation obtained using this method 
was unsatisfactory. Much better results were obtained from the 
use of an equal weight of seed and soil without glue. Ames and 
Casanova (6) also obtained good results from the use of equal 
weights of seed and soil. 

In 1896 Nobbe and HKiltner presented their first paper 
(as reviewed by Fred et al (14)) relating to the use of pure 
cultures of rhizobia for the inoculation of legumes, The cultures 
of bacteria were applied directly to the legume seedaor to a small 
amount of soil, which was distributed over the field to be sown. 

A few months prior to the publication of this paper they had 
patented in England and America a process covering the preparation 
of these cultures of rhizobia. They used the trade name "Nitragin" 
for their commercial product, which was distributed in small 
bottles in which the bacteria grew on the surface of a jelly 
medium. Nobbe and Hiltner recommended that a suspension of the 
legume bacteria be made up from this culture and applied either 
directly to the seed or to a small amount of soil which was spread 
over the field and mixed in to a depth of about three inches. 

They favored this second method. 

Criticisms of "Nitragin" cultures were made by other 
workers. This led to several other patents being taken out for 
commercial cultures during the early part of the twentieth century. 
These patents included the Hartleb culture named after its 
patentee (22), the Nitro-culture introduced by Moore (36) and the 


Azotogen culture brought out five years later by Simon (according 
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to Fred et al (14)). The patent taken out by Hartleb was 
essentially a method for inoculating seeds. The seeds were first 
washed with water and then inoculated with a suspension of rhizobia 
bacteroids, His patent included a method for producing bacteroids 
in the absence of the host plant. Moore (35) attributed the 
partial failure of Nitragin cultures to the use of a nitrogen rich 
medium. On such a medium,he argued, the bacteria grew well but 
lost their power to fix nitrogen. He obtained a patent for growing 
the bacteria in a medium low in combined nitrogen. Absorbent 
cotton was saturated with a culture of the desired organism, whieh 
had been grown in a medium having a relatively low nitrogen con- 
tent, The absorbent cotton was dried, wrapped in tinfoil and shipped 

to the farmers. Farmers dissolved the contents of this package 
in a nutrient solution which was incubated for 48 hours before 
being applied to the seed. This culture was even less successful 
than the "Nitragin" culture had been, the failure probably being 
due to the fact that the bacteria did not live well in the absor- 
bent cotton, 

The Azotogen culture introduced by Simon (as reviewed 
by Fred et al (14)), was the first attempt to use moist soil as 
aculture medium for commercial inoculants. This method was 
based on the use of a pure culture of the desired strain of 
rhizobia developed in sterile soil. Thus the use of moist soil 
cultures was introduced, This is the type of culture in common 
use todays 

J. C. Temple (52) reported on sterilized soil as a 
medium for growing Sis ewea He compared the numbers of rhizobia 


per gram of soil with the numbers of rhizobia in a nutrient solution, 
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He found the latter very inferior as a inedium in which to grow 

the organisms. In sterile soil the soybean organisms reached a 
maximum of 380 million per gram, whereas in the nutrient solution 
the maximum number obtained was 65 million per ¢.c. Similar results 
were obtained using legume bacteria from crimson clover and 

alfalfa, The soil used by Temple was low in fertility and he 

found that by addition of various organic compounds such as ale 
falfa meal he was able to increase the numbers.of bacteria very 
markedly. In this work, however, counts were not continued be- 

yond the 42nd day, 

In 1931 Hofer (25) made a study of the numbers of rhizobia 
in humus cultures. He reported that the numbers were highly vari- 
able. After one week the count was usually higher than at the 
time of inoeulation, but after 50 days it was lower, After one 
year the count of nodule bacteria was only one per cent of what it 
had been inmediately after inoculation, In his wiiaehsaats cone 
cerning the numbers are given, nor is there an accurate descrip- 
tion of the techniques used, 

In amore recent investigation, Spaulding (51) reports 
that on the basis of yield tests agar cultures of rhizobia are 
better for inoculating peas and soybeans than are humus. cul tures, 
He used two kinds of agar cultures and three kinds of humus cultures. 
He suggests that humus may not be as favorable a medium as agar for 

maintaining the nitrogen fixing efficiency of the bacteria. 

Albrecht (3} carried out an experiment designed to com- 
pare the efficiency of two dry inoculants with agar and soil ino- 
culants. One of the inoculants tested was an air ary, chamois- 


gray, pulverized material similar in appearance to dry soil. The 
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other culture was a black gray material of peaty nature, These 
inoculants carried instructions for mixing them with the seed, 
Both the seed and inoculant were left in the dry condition. Such 
dry inoculated seed was supposedly ready to be seeded, It was 
also supposedly suitable for long time storage without harmful 
effects on the rhizobia, 

In his experiments Albrecht applied the dry culture to 
the seed in various ways. He mixed the dry culture with seed as 
directed, and he applied the dry culture to moistened seed, Water 
suspensions of the dry culture were applied to the seed, and the 
dry culture was sifted on to moistened seed, followed by a dusting 
of finely powdered limestone, He compared the nodulation obtained 
in such experiments with that obtained when commercial agar cule 
tures were applied to the seed, and also when a soil-cerushed-nodule 
suspension was applied to the seed, His results indicate that in 
none of the methods of using dry inoculants were the nodule numbers 
on the alfalfa roots increased over the check to the same extent 
as was true for the commercial agar culture or for the soil-ecrushed- 
nodule culture. He concludes that it is doubtful if these dry 
cultures ean serve to increase nodule numbers significantly. 

Fellers (13) earried out experiments in which he made 
tests of three types of commercial cultures - agar cultures, 
liquid cultures, and soil and muck guitures. In this work he 
counted the number of bacteria using the alate méthod and also 
carried out cultural experiments to test the ability of the cul- 
tures to cause nodule productione 

Fellers notes that the standard of purity of the cultures 
was high. Few of those claimed to be pure contained contaminants, 


However, he expresses doubt as to whether a pure rhizobia culture 
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makes a better legume inoculant than an impure one, especially 
in soil or muck cultures. Fellers points out that although 
most of the cultures studied were agar cultures, the use of 
peat is rapidly coming to the fore and will probably entirely 
displace the agar and liquid cultures. He gives several reasons 
for expecting this to happen: 
1. Soil or muck cultures possess greater viability than agar 
or liquid cul tures, 
2. More bacteria are usually present in acre size soil or muck 
cultures than in acre size agar or liquid cultures. 
S. In soil or muck there is better aeration and the medium is 
a more natural one than agar or liquid cultures, 
4, When humus or muck are used, many types of rhizobia may 
be added to one culture. 
5S. Sterilization of soil or peat is not always necessary or 
desirable since some organisms present in soil aid the develop-~j 
ment of rhizobia. 
6. Heat, light and exposure do not affect soil and peat cultures 
as much as agar or liquid cultures. Hven after soil or peat 
becomes dry, it will support the growth of many bacteria, 
7. The ease of inoculating with soil cultures gives them 
preference over liquid cultures. 

Fellers found that the number of bacteria per cubic 
centimeter varied greatly. In general those cultures with less 
than one million organisms per ¢.c,. were not effective, although 


it was impossible to set definite limits. He found that cultures 
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which gave high plate counts were usually satisfactory in giving 
nodulation of legume plants. 

A number of papers have been published dealing with 
the effect of numbers of bacteria in the inoculum, on the size 
and number of nodules produced and of the relationship between 
degree of nodulation and degree of benefit to the host plant, 
Nobbe and Hiltner (as reviewed by Fred et al (14)), report 
that they detected no appreciable advantage in nodulation upon 
increasing the number of bacteria to 25 times the usual appli- 
cation. Quite different results were reported by Perkins (40), 
Wilson (58), (59), (61), nad Thornton (54). These investigators 
report that, within limits, the number of nodules is increased 
when the number of bacteria is increased. Perkins observed 
an increase in nodules when the number of cells per seed increased 
up te 50, but with still greater numbers there was no gain, Wilson 
obtained similar results. Thornton, on the contrary, noted with 
alfalfa in a field experiment an increase in number of 
nodules when the number of bacteria per seed was raised from 
2,500 te 20,000 organisms. In a pot experiment with runner 
beans, the use of more than 1,280,000 organisms per pot (six seeds 
per pot) was still effective in increasing the number of nodules, 
though the increase was not in direct proportion to the number 
of cells. Fred et al (14) feel, however, that Thornton's 
results do not disprove that there is a limit to nodulation im- 
posed by the plant itself, 
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(2) Factors Which Affect the Growth of Rhizobia in Soil and 
Artificial Cultures, 


Fred et al (14) in discussing the factors which 
influence the growth of rhizobia stress that air supply, tempera- 
ture, inorganic substances, reaction, drying, sunlight, plants, 
animals and other microorganisms all have important effects on 
rhizobia, 

There has been some disagreement .as to the relation- 
ship between rhizobia and free oxygen. Beijerinck (as reviewed 
by Fred et al (14)) spoke of the need for oxygen in cultures of 
rhizobia. However, he considered an oxygen tension somewhat 
lower than that of the atmosphere best for the growth of these 
bacteria, Schneider (47) stated that the nodule organism of 
sweet clover will grow under serobic conditions, but he thought 
the organism a facultative anaerobe. In 1917 Wilson (58) made 
a similar report concerning the nodule bacteria of soybeans, 
Alicante (5) studied the viability of the nodule bacteria of 
legumes outside the plant. He found that oxygen seemed to be 
@ limiting factor in the growth of rhizobia in solution since 
aeration by sh ction the bottles increased growth of the bacteria. 

Ockerblad (38) compared the au rwixrad of rhizobia of 
several cross inoculation groups on both solid and liquid media 
in containers with varying degrees of aeration. After 30 days 
he found that the pereentage of viable bacteria was consider- 
ably lower in sealed containers irrespective of the medium 
used, He concluded that the chief factors responsible for a 
decrease in the number of viable bacteria are (a) anaerobic 


conditions, (b) accumulation of metabolic products of a toxie or 
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inhibitory nature, and (c) plasmolysis caused by concentration 
of soluble solids through evaporation. Similar results have 
been reported by Fred, Whiting and Hastings (18), 

Gangulee (20) carried out an experiment in which he 
grew rhizobia in sterile soil in large test tubes, Half of these 
tubes were sealed with paraffin wax over alkaline pyrogallol and 
the rest were incubated with free access to the air, After 
thirty days the conditions were reversed and the experiment 
continued for another thirty days. The results of counts made 
at intervals during the experiment emphasize the beneficial 
effect of free access to air on reproduction of rhizobia, 

There are three or four remarkable reports of survival 
of rhizobia in laboratory cultures. Edwards (11) reported 
that he had been able to secure excellent nodule production with 
cultures from red clover, white clover and alfalfa, respectively 
16, 10 and 10 years old. These cultures had been kept at room 
temperature in Freudenreich flasks sealed with wax. The culture 
medium consisted of wood ash, maltose, agar and water, ‘Stapp, 
as reviewed by Fred et al (14), also reported the 16 year sur- 
vival of three cultures, These three were among 65 cultures 
sealed in glass tubes end stored at room temperature. They were 

in neutral carrot agar medium, a fact which Stapp considers 
Significant. One of the most exhaustive studies of the viability 
of nodule bacteria has been carried out by Jones (28). He stored 
stock cultures of a large number of strains of rhizobia for ll to 
15 years in small Freudenreich flasks containing modified Ashby's 


agar. After 1l years the cultures were plated out on the same 
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modified Ashby's agar, Surprisingly, all 12 of the cultures 
showed typical rhizobium colonies. His results with alfalfa 
nodule bacteria which had been kept in a tightly corked two 
ounce Blake bottle are even more striking. After 15 years 
viable counts showed that the bottle contained 110,000,000 
living bacteria, 

Extensive studies have been made on the effect of 
temperature on the growth of rhizobia. Beijerinck, as revidned 
by Fred et al (14), gives 0°-47° ¢, as the thermal growth 
range for these organisms. The results of much work since 
that time indicate that growth takes place between 0° and 50° 
C with an optimum between 20° and 28° C. Ockerblad (38), re- | 
ported the thermal death point of rhizobia in liquid media to 
be between 59° and 61° GC with 10 minute exposure, 

Fred et al (14) list the substances necessary in 
quantity for the growth of rhizobia as water, carbon as complex 
compounds, phosphorus, sulphur, potassium, magnesium, calcium 
and perhaps iron. Other elements usually present in media in small 
amounts which may or may not be necessary are manganese, aluminum 
and boron, Pitz (41) noted the beneficial effect of calcium 
sulphate on the multiplication of Bh, trifolii both in synthetic 
and soil extract media. Truesdell (55) observed that a small 
amount of phosphorus increased the number of alfalfa nodule 
bacteria in sterilized soils. 

Fulmer (19) reports that the addition of calcium 
carbonate or magnesium carbonate will greatly stimulate the 
growth of rhizobia from alfalfa or lupines in a sterilized 
acid soil. Thornton (53) and Alieante (5) also stress the ime 
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portanece of calcium on the growth of legume bacteria outside 
the host plant. 

In summary Fred et al (14) conclude that calcium, 
phosphorus and potassium salts favor the development of the 
nodule bacteria, especially in culture solutions and in certain 
soils. Phosphorus compounds appear to be especially active in 
this regard. The so-called stimulants - boron, manganese, ete, 
in the proper concentrations may exert a favorable effect, though 
evidence in their favor is not extensive, 

Field observations have shown that leguminous plants 
bearing nodules are to be found in soils of widely different 
reactions. This tolerance on the part of the host plant suggests 
that the root nodule bacteria may be equally tolerant of change 
in reaction, Moore (56) reported that the nodule bacteria will 
stand any degree of acidity or alkalinity of the soil that will 
permit the growth of its particular host plant. Prucha (43) 
showed that the g rowth of the nodule bacteria of alfalfa on 
agar slants is adversely affected in the presence of small amounts 
of a mineral acid such as hydrochloric, while equivalent amounts 
of a base such as sodium hydroxide have no harmful effect. 

Salter (46) reports that Ashby's mannitol medium having 
a neutral or slightly alkaline reaction is favorable for the 
reproduction of the clover bacteria. Fred and Loomis (16) con- 
firmed these results. Fred and Davenprt (15) made a study of 
the relation between hydrogen-ion concentrations and the growth 


of different microorganisms. They found that the alfalfa bacteria 
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are the most sensitive and the lupine bacteria the most resis- 
tant to acidity. 

Virtanen, as reviewed by Fred et al (14), has carried 
out experiments on the resistance of legumes and legume bacteria 
to acidity. He found that in general the bacteria are more 
sensitive to acidity than are the plants. He gives the optimum 
pH for the bacteria as 6.5 to 7.5 and for the plants, about 6.5. 

Thornton (53) in studying the factors affecting the 
longevity of rhizobia in Florida soils, found that they will 
survive for a considerable time in the absence of the host 
plant if the pH of the soil is above 6,0. Truog (56) and Wilson 
(60), also found that acidity was an important factor in the 
growth of rhizobia in soil. Wilson reports that the critical pH 
for alfalfa bacteria survival in soil is 6,4 and for white 
clover bacteria is 6.0. Fred and Davenport (15) have studied 
the effect of reaction on rhizobia grown in culture solutions, 
They found that the critical pH for alfalfa and sweet clover 
bacteria survival was 4.9, while for lupine bacteria it was 5.15. 

They also reported that legume bacteria were less adversely 
affected by alkaline conditions than they were by acid conditions, 
Bryan (9) obtained similar results by placing different species 
of rhizobia in soils of varying reaction. He made counts for a 
period of 75 days and found the eritical pH for the survival 
of alfalfa bacteria to be 5.0, red clover 4.5 to 4.7, and soy- 
bean becteria 3.5 to 3.9. 

Like all non-spore forming bacteria, the rhizobia 


are sensitive to excessive drying. The effect of desiccation, 
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however, depends on several conditions - the nature of the sube 
strate, reaction, temperature, etc. Giltner and Langworthy (21) 
carried out extensive studies on the longevity of rhizobia under 
various moisture conditions. They found that rhizobia survive 

a long time in air dry soil, probably because of the films of 


hygroscopic moisture which surround the particles, Protective 


colloids in the soil may also play a part in the survival phenomenon, 


as the bacteria appear to remain viable for a longer period in a 
clay loam than in a sand. The gum produced by the rhizobia 
themselves may also have a protective action. Vandeeaveye (57) 
and Temple (52) have likewise reported upon the remarkable 
viability of rhizobia in air dried soil. 

Sunlight, too, may also affect rhizobia.  Albresht.(1) 
in studying this question allowed soil with nodule bacteria to 
dry in sunlight and then stored it for three years, At the end 
of this time he found enough viable bacteria to produce good 
infection. In a later paper, Albrecht (2) reported a further 
study of the effect of sunlight on nodule bacteria of red clover 
and soybeans. In this test, one half of a soil sample containing 
nodule bacteria was spread out in a thin layer about quarter of an 
inch deep, and was exposed to direct sunlight until dry. After 
drying the soil was exposed for two months on a greenhouse 
bench, and then it was stored in a closed container, The other 
portion was dried in the dark before being similarly exposed and 
stored, Tests of the sun dried soil and of that dried in the dark 
showed survival of nodule sankeede in both. Albreecht's conclusion, 


that there is no evidence that the nodule bacteria are especially 
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sensitive to sunlight, seems justified. A more severe test was 
reported by Albrecht and Turk (4) in 1930. Knowing that it is 
the ultra-violet fraction of sunlight which is fatal to most 
bacteria, Albrecht and Turk exposed soil containing the nodule 
bacteria to strong radiation with ultra-violet light from a 
mereury are lamp. They found no detrimental effect, The ab- 
sorptive capacity of the soil apparently prevents penetration 
of the harmful rays. 

According to Erdman and Wilkins (11), exposure of either 
inoculated soybeans or inoculated soil to sunlight does not 
seriously injure the “inoculating efficieney" of the nodule 
bacteria, 

A paper by Nobles (37) reported the only evidence of 
the harmful effect of sunlight on rhizobia. He claimed that the 
nodule bacteria are quite sensitive to direct sunlight, although 
the compactness of the soil offers some protection. For example, 
he found that 80 pereent of the bacteria in a sandy soil were 
destroyed by fifteen minutes’ exposure to the sun, while about 
54 pereent were destroyed in a more compact soil, 

Another factor which appears to influence the growth 
of rhizobia in soil is the symbiotic or antagonistie effect of 
other micro-organisms. The nodule bacteria have unquestionably 
existed in the soil and in the tissues of the leguminosae for 
ages. The reason that they are not more abundant and more widely 
distributed may be that the antagonism of other soil microorganisms 
holds them in check. As early as 1899, Nobbe and Hiltner (as ree 
viewed by Fred et al (14)) suggested that the competition between 
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rhizobia and the rest of the soil flora results in harm to the 
rhizobia. They implicated both bacteria and fungi in the opposi- 
tion, Sackett (45) 1906, in a laboratory study of associated 
growth of B. ramosus and rhizobia, observed that multiplication of 
the latter is greatly inhibited. Simon (as reviewed by Fred et 
al (14)), reported that soil flora is definitely antagonistic 
to root nodule bacteria. He also found that fungi are particularly 
harmful, Duggar and Prucha (10) obtained better growth of 
rhizobia in sterilized than in unsterilized soil and argued that 
the general soil flora have an antagonistic action towards 
rhizobia. 

At Wiscensin Koniski (30) obtained some interesting 
data on the relation of certain soil bacteria to rhizobia, He 
isolated several unidentified organisms from the soil and tested 
them out with rhizobia in a liquid medium, with and without 
calcium carbonate. He also tested them in soil. He found in- 
herent differences in the degree of antagonism exhibited by the 
cultures and also differences according to the conditions of the 
experiment. In general, antagonistic effects of other micro- 
organisms towards rhizobia were most severe in liquid media 
without ealcium carbonate and least severe in soil. Certain 
known cultures of soil bacteria were tested and were also found 
most injurious in liquid media. For example, B. subtilis inhibits 
Rh. meloliti, Rh. leguminosarum, and Rh, japonicum in liquid 
cultures but not in soil. The other organisms tested, B,. mycoides, 
B. megatherium, B. prodigiosus, B, fluorescens and B. aerogenes 
are also harmless in soil, but have a depressive effect on rhizobia 


in liquid cultures, 
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There are also reports of beneficial effects of certain 
organisms upon rhizobia. Bottomley (8) reported enhanced nitro- 
gen fixation by mixed cultures of nodule bacteria and Azotobacter, 
Manns and Goheen (34) and Fellers (13) referred to a beneficial 
effect from the association of Azotobacter and rhizobia upon 
colony formation in petri plates. Lohnis and Hansen (31) noted 
the stimulating effect of B. radiobacter upon colony formation of 

the cowpeaesoybean cross inoculation group. 

Another factor in the biological enviromment of 
rhizobia in soil is the activity of protozoa, Ina study of the 
food requirements of soil amoebae, Severtzova (49) has shown 
that on artificial media these organisms destroy large numbers 
of bacteria. Of 26 species studies, 21 were eaten readily and 5 
very little or not at all. The organisms from the nodules of 
leguminous plants are listed among the edible species. This indi- 
cates that amoebae may play an important role in the destruction 
of rhizobia in the soil. Somewhat contradictory results were 
reported by Hopkins (as reviewed by Fred et al (14)). He found 
that of 41 strains of rhizobia tested upon nitrogen free agar 
containing 1:100,000 crystal violet, only 12 strains were fed 
upon by amoebae. The availability of legume bacteria to amoebae 
appears te depend upon the rate of growth of the bacteria and 
the type of gum produced in the medium by rhizobia. Strains pro- 
ducing heavy gum are not attacked by amoebae. Losina-Losinsky and 
Martinov (32) reported an investigation of the diffusion of pure 
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cultures of Rh. trifolii, an amoeba and a ciliate planted to- 
gether in the centre of a petri dish containing sterile soil, 
All three types of micro-organisms multiplied rapidly and spread 
outward at a rate seemingly controlled by the moisture content 
and mechanical structure of the soil. The rhizobia always 
preceded the protozoa and served as food for them, 

Hino (24) presented another side to the picture, He 
found soil microorganisms roughly of two types: those promoting 
the growth of soil protozoa and those inhibiting their growth, 
Strangely enough, he lists the rhizobia as having an inhibitory 
effect on ths growth of soil protozoa, 

Considerable work has been done concerning the effect 
of steam sterilization on the chemical and physical properties 
of soil. More attention has been paid to the effect of steam 
sterilization on the chemical changes in the inoculant bases used 
than to its effect on the physieal changes, although it is realized 
that both may be important, 

The effect of steam sterilization on the properties of 
soil and peat has been reviewed by Simpson (50) in his study of 
the factors affecting steam sterilization of some Alberta soilse 
A brief review is repeated here sinee these changes are of im- 
portance in the work reported herein, 

Schreiner and Lathrop (48) have obtained some interest- 
ing results from their investigation of the chemistry of steam 


heated soils. They steamed two silt loams at 50 pounds pressure 
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(135°C) for three hours. On extracting the soil with 2 percent 
sodium hydroxide they found a large inerease in soluble solids. 
Analysis of the extract revealed an.increase in the ammonia and 
the amino acid content and, in addition, the presence of new 
organic compounds such as arginine, cytosine, guanine, xanthine, 
and hypoxanthine, which were absent before heating. They con- 
cluded that these compounds resulted from the heat destruction 
of the nucleic acid and the protein material of the soil. 

Russel and Hutchinson (44) ohserved that steaming a 
soil at atmospheric pressure resulted in an increase in the un- 
stable nitrogen compounds and therefore coneluded that something 
more than a simple liberation of ammonia was involved. The 
increase in ammonia obtained was about dé ve carts per million, 

A smaller increase in nitrate was recorded. 

Potter and Snyder (42) applied dry heat and steam 
heat under pressure to three different silt loams and a peat. 
Their results are consistent with those of other workers in that 
with the application of dry heat the ammonia and amino acid con- 
tents were increased, and in that the nitrates were slightly in- 
creased at 100°C, but were lost by heating soils at 200°C, This 

also held true for the peat except that the relative increases 
were smaller, probably owing to the loss of ammonia to the at- 
mosphere, 

Kelly and Thompson (29) reported that steam heat 
applied to soils at 2 atmospheres pressure produced a chemical 
change similar to that produced by dry heat at 150°C, At 200°C 
all of the lateritie soils used in the investigation gave increases 


in ammonia. A few soils were found to have a decreased content of 
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amide nitrogen while others were found to have an increased 
content after heating. 

Simpson (50) earried out experiments on the factors 
detéeting the steam sterilization of three typical Alberta soils 
and a peat. The three soils used included a brown virgin loam 
from Vauxhall, a black loam from a cultivated field near Edmonton, 
and a gray wooded loam from near Breton. Besides studying the 
time required to steam sterilize these soils, he studied the 
effect of sterilization upon their ammonia and nitrate nitrogen 
contents. He found that in all cases steam sterilization in- 
creased the enmonia content as determined by the Mclean and 
Robinson (35) method. This increase was more marked when soils 
were sterilized in the moist condition than when they were 
sterilized air dry, despite the more severe treatment required 
to sterilize air dry samples. He found a greater increase in 
the ammonia content of peat on sterilization than was the case 
with the mineral soils. Steaming under pressure did not appear 
to produce significant changes in the nitrate content of the 


samples, but tended to reduce the amounts present. 
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OUTLINE OF INVESTIGATION, 


The work reported in this thesis is concerned with 
factors influencing the growth of rhizobia in humus and soil 
cultures. The object of this study was to determine the effect 
of moisture, aeration and composition of the growth medium on 
the growth curve of rhizobia at room temperature. Four different 
inoculant bases or media were used for culturing the rhizobla,. 
These materials were: 

1. Winterburn peat - this is a high lime peat obtained in a 
bog at Winterburn, which is several miles west of Edmonton, 
The peat used was fairly well decomposed material obtained 
at a depth of approximately four feet, 

2. Peateblack soil mixture - this base was prepared by mixing 
equal portions by weight of the base described above with a 
black mineral soil from the University plots just south of 
Edmonton. 

3. Peatecarbon black mixture - this inoculant base consisted of 
a fine, well-decomposed peat obtained near Edmonton. The peat 
was mixed with a amall amount of carbon black. This material 
was obtained through the courtesy of Mr. J. A. Robertson, of 
Edmonton, who nai used it as an inoculant base in preparing 
commercial cultures of rhizobia, 

4, Edmonton loam - this is a black zone soil from the University 
plots just south of the City of Edmonton. This soil comprised 
one-half of inoculant base number two, 

Using the four bases listed above, incubation experi- 
ments were conducted with Rh, trifolii and Rh. leguminosarum. 
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. Containers holding the various bases were inoculated with these 
two organisms and were incubated under a variety of conditions, 
Plate counts of the bacteria were made at intervals during the 
incubation period - usually at 10, 40, 70 and 140 days after 
inoculation. 
The plan of the experiments is shown in Table I, 
As indicated in Table I, incubations were carried 
out in paper cartons for two of the experiments, IV and VII, 
In the other experiments incubations were earried out in erlen- 
meyer flasks. Where cartons were used they were waxed over with 
paraffin at the beginning of the incubation period to prevent toe 
rapid a loss of moisture. When incubation was carried out in 
erlenmeyer flasks, some of the flasks were tightly stoppered, 
whereas others were stoppered loosely so that a free exchange of 
air was possible. To stopper flasks tightly, rubber stoppers 
waxed over with paraffin were used, In stoppering flasks 
loosely, on the other hand, the practice was to use a rubber 
stopper one size smaller than would normally have been used, and 
to wrep a little absorbent cotton around it. This allowed for a 
free exchange of air in the erlenmeyer flask, but the drying out 
was less rapid than would have been the case had an ordinary 
cotton stopper been used. 
In those cases where the inoculant base was supplemented 
by the addition of nutrients, the following mixture was used: 
Sucrose ee. 100 gms, ; 
FoHPO4 of 10 * 
NaCl ao 2 


n 
MgeSO4 oe ie 
GaC 03 ee 60 " 
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These salts and sucrose are used in the proportions 
given above in the media recommended by Fred et al (14) and dy 
Fred and Waksman (17) for plating legume bacteria. It was added 
to the inoculant base at the rate of 1.4 percent by weight, 

In a number of the experiments the growth curves of 
pure cultures of rhizobia were studied. In such cases the humus 
bases were sterilized in the autoclave at 15 pounds steam 
pressure (121°C). The peat, peat-black soil mixture and the 
peat-carbon mixture were held at this temperature for two and a 
half hours, while the black soil was heated in the autoclave 
at 121°C for 25 minutes, Simpson (50) found that this treat 
ment gave complete sterilization of these bases in the amounts 
used here, 

The inoculations were made using a suspension of the 
bacteria in a 0,75 percent sodium chloride solution. This sus- 
pension was added to the inoculant bases at the rate of 10 c.c. 
per 50 grams of soil. Counts of the number of legume bacteria 
in the suspension were made at the time of inoculation, From 
this the initial count of Legume bacteria per gram of base could 
be calculated. All counts were made by the plate method using 
as the medium yeast-extraet sucrose agar containing conge red, 
which is recommended by Fred et al (14), and by Fred and Waksman 
(17). The congo red aids in the detection of contaminants which 
might be present. This is possible since most of the contaminants 
absorb the dye, thus producing reddish colonies, whereas the 
colonies of the legume bacteria remain clear. | 

At the ae incubation periods all bases 


were made up to 30 percent of their total water holding capacities. 


This 50 percent included the water carrying the suspension of nodule 
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bacteria, The tightly stoppered flasks remained at this water 
content throughout the incubation period. Weighings of the 
flasks at the beginning and at the end of the incubation period 
indicated that there was no moisture loss from these flasks, 

The loosely stoppered flasks and the paper cartons were also 
weighed before and after the incubation period, and their losses 
in weight recorded, thus enabling calculation of percentage 
moisture at the end of the period. 

A secondary portion of this investigation consisted of 
the determination of the soluble or available nutrients in the 
various inoculant bases used. This was intended te correlate 
the effect of the various treatments with the chemical composi- 
tion of the inoculant bases and to make a further correlation 
between chemical smkneni a4 on and the growth of the bacteria, 
Since this was a minor portion of the work, it was limited to 
a study of the availability of calcium, potassium, phosphorus, 
ammoniacal nitrogen, and nitrate nitrogen. The analyses were 
carried out using the method outlined by Peech and English (39). 

In the analysis of the peat-earben mixture it was found 
that there was more soluble organic matter than could be adsorbed 
by addition of activated charcoal to the extracting solution. Thus 
in analyzing this inoculant base a slight modification was used, 
After completing the extraction the filtered extract was heated 
with carbon black to remove the dissolved organic matter. ‘Since 
this treatment volatilized the ammoniacal nitrogen and the nitrate 
nitrogen, it was impossible to determine the amounts of these 


ions in the peat-carbon base, 
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RESULTS. 


The counts of bacteria and moisture percentages in 
the different inoculants receiving different treatments are 
given in Tables II to VIII. All counts are in millions per 
gram with the incubation times and treatments indicated in the 
table. Tables XI to XIV give the availability of the various 
elements in p.p.em. The treatment which the inoculant base re- 
ceived in each case is indicated in the table heading, 

The counts of bacteria in the inoculant bases studied in 
this investigation are very closely correlated with the moisture 
content and aeration of the tnosulants, This is particularly. 
true of the counts of rhizobia, but is also very noticeable 
in the total counts of unsterilized inoculant bases, 

Results in Table II show very definitely that in all 
four inoculant bases used, the numbers of rhizobia drop sharply 
when ineubated in sealed flasks. This is particularly notice- 
able in the peat, peat-black soil and in the peat-carbon mixture, 
In these sterile bases the numbers of rhizobia rose for a time, 
being considerably higher when the second plate count was made 
than they had been at the time of inoculation. 

| In the third and subsequent counts in these three 
bases, the numbers of rhizobia had dropped below fifty thousand 
pip ivan,” 

In the fourth base, black soil, at 38 days the count 
of rhizobia was still higher than at the beginning of the in- 


cubation period. However, in this base numbers of rhizobia had 
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dropped below fifty thousand per gram by the time the fourth 
count was made 72 days after the beginning of the incubation 
period. 

In the unsterile, tightly stoppered flasks, results 
somewhat similar to those with sterile bases were obtained. 
In the peat, peat-black soil and peatecarbon mixture, when the 
third count was made no typical colonies of rhizobia apveared 
on the plates, There was a slight discrepancy in the peate 
black soil mixture where a count of four million rhizobia per 
gram was obtained in the fourth count at 72 days, but this had 
again dropped below fifty thousand when the fifth count was 
made, An interesting fact brought out here is that, unlike the 
counts in the sterile containers, when the second count was made, 
ten days after incubation commenced, the count of rhizobia had 
dropped far below the initial numbers. This would seem to indi- 
cate that the suggestion made by Fellers (13), stating it is un- 
necessary to sterilize peat or soil when used as a base for cul- 
turing rhizobia, is incorrect. The presence of other soil orm 
ganisms seems to exert a very strong antagonistic effect upon 
the growth of rhizobia. This is indicated by the fact that there 
was a high total count coupled with these low counts of rhizobia, 
The total count rose quickly from the commencement of incubation 
until the second count was made, and then fell quite sharply 
in the succeeding counts. In the peat-black soil mixture and 
in the peat-carbon mixture the plate counts indicated a rise in 
the total numbers of bacteria between the fourth and fifth 


counts. This may have been due to errors in the plate counts 
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or merely to variation in the different flasks, In the une 
sterile, tightly stoppered flasks containing black soil, the 
total count of bacteria did not rise as rapidly as in the other 
three inoculants., However, the count of rhizobia did rise quite 
markedly in this base, reaching 98 million per gram after 58 
days incubation. The number of rhizobia as well as the total 
number of bacteria had dropped quite sharply in this base by 

the time the fourth and fifth counts were made, 

In the cotton stoppered, sterile flasks the count 
had risen far above the number initially introduced when the second 
eink was made, A marked drop was evident when the third count 
was made after 38 days incubation. A slight rise took place 
in the peat-carbon and peateblack soil mixtures between the 
third and fourth counts, while in the peat and in the black 
soil the numbers of rhizobia continued to drop. When the fifth 
count was made after 148 days incubation, no rhizobia were 
present in the black soil, while the veatecarbon mixture had the 
highest count, 62 millions per gram. 

In the unsterile, cotton stoppered flasks as in the 
unsterile, tightly stoppered flasks, the numbers of rhizobia 
had dropped sharply in all bases except the black soil, when the 
second count was made, The number of rhizobia in the peat-black 
soil mixture rose slightly between the second and third counts 
but fell again thereafter. In all these bases no rhizobia were 
present when the final counts were made after 148 days imeubeless 
Onee again, as in the tightly stoppered flasks, counts of rhizo- 
bia and other bacteria in the black soil were higher after 10 
days incubation than they had been initially. The number of 
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rhizobia had risen still higher after 38 days incubation. WNun- 
bers of rhizobia dropped quite sharply between the third and 
fourth counts and when the fifth count was made after 148 days 
incubation, none were found. 

The total count in all four bases in unsterile, cotton 
stoppered flasks showed, in general, a sharp rise followed by 
a fall in numbers, In the peat, peate-carbon and black soil 
the largest number of bacteria were counted after 38 days incu- 
bation while in the peat-black soil mixture the largest number 
were counted after 10 days incubation. | 

Results of counts of rhizobia given in Table III show 
that where nutrients are added to the inoculant bases there is a 
marked increase in the numbers of nodule bacteria, The only ex- 
ceptions to this are in the fourth counts of the numbers of 
rhizobia in the peat and the peat-black soil mixture. Here the 
number of rhizobia in the base to which no nutrients were added 
was higher than where nutrients were added. As in Table ITI, the 
results indicate the importance of moisture content on the nume 
bers of rhizobia. The numbers rose for a time, but as the pere 
centage of moisture in the base fell, the number of bacteria 
dropped quite markedly as well. The greatest numbers were 
present at the second count, with the exception of the black 
soil and the peat-carbon mixture maving mainland added. Gounts 
in these bases reached a maxdoaetas at the time the third count 
was made. The most marked increases in numbers of legume bacteria 
resulting from addition of nutrients were obtained in the peate 


black soil mixture. In this base with nutrients added, the 
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Table III, Plate counts of Rh, leguminosarum (Bz) in the 
four inoculants incubated in erlenmeyer flasks, sterilized 
and stoppered with cotton (millions per gram). 


Peat, 

Incuba- Nutrients Added No Nutrients Added 
tion oaule ere Nodule Per= 
time in bacteria cent bacteria cent 
days eount Hg0 count Ho 

0 6360 137 94 ; 63 63 137 44 
14 646,90 134,0 286,0 134,2 
42 138,90 125,42 114,0 127.6 
90 44.0 110,6 53.0 113,8 
141 2847 95.6 LO 55 89.6 


PeateBlack Soil Mixture, 


0 6545 81,0 65.5 81.0 
14 1794,0 77 94 526,0 7846 
42 1585,0 73 06 950.0 710 
90 208,0 57 94 216.0 55.2 

141 97,5 46.6 40.9 59 49 


0 65.5 6902 63.5 6942 
14 1997.0 65.4 798,0 66 44 
42 1617.5 59.2 918.0 5656 
90 1678.0 40,0 5640 40.2 

141 291.0 o1.4 1760 2908 


0 65.5 29.2 6525 2942 
14 578.0 24.4 557.9 25 40 
42 676.2 20,8 352.0 19,0 
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counts were nearly as high as in the peat-carbon mixture similarly 
treated. However, with no nutrients added, the counts of rhizo 
bia in the peat-carbon mixture were considerably higher than in 
the peateblack soil mixture. Another interesting point in the 
data of this table is that the counts of rhizobia in the peat- 
carbon mixture treated with nutrients remained very high for 90 
days. In all the other treatments, the numbers had dropped to 

a fraction of their highest count by this time, 

Comparison of the counts in flasks to which no nutrients 

were added in Table III with those similarly ionated in Table II, 
shows that these counts follow similar trends. In both cases 
the numbers increased for a time and then dropped sharply as the 

bases dried out, 4 

Table IV gives the results from Experiment III. It 

was thought that it might be more practical, if possible, to 

use unsterilized inoculant bases. Therefore, in this experiment 

a study was made of the growth of rhizobia in unsterile inoculant 

bases with and without added nutrients. 

In the peat-carbon mixture there seems to be no signi- 
ficant difference between counts of rhizobia in the base to which 
nutrients were added and that to which no nutrients were added. 
There was, however, a definite increase in the total number of 
bacteria in the base to which nutrients were added. This suggests 
that the competition effect of additional soll bacteria offset 
the beneficial effect derived by rhizobia from the nutrients added, 
In the black soil the addition of nutrients gave a very definite 


inerease, in numbers of rhizobia as well as total count, over the 
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Table IV. Plate counts of Rh. leguminosarum (Bz) in two inocu- 
lants, unsterile and stoppered sith cotton (millions per gram), 


PeateCarbon Mixture. 


Incubae Nutrients Added No Nutrients Added 
tion Nodule Per- odule er= 
time in bacteria Total cent bacteria Total cent 
days count count H90 count count H,0 
0 1012 181.9 69,2 101,2 181,0 6942 
12 15.0 1189.0 64.4 92,0 741,0 64,2 
25 11,0 1021.0 62.0 9.0 425,0 54.8 
70 4,0 541.0 41,4 5.0 406.0 48.4 
112 O21 512.0 32.4 0.4 508,0 05.2 


Black Soil. 


0 101.2 101.7 29.2 101.2 101.7 29.2 
12 198,0 296.0 25.2 87.0 127.0 25.2 
25 168,0 $71.0 21.4 92.5 162.5 22.8 
70 5.5 95.0 8.8 1.0 2205 14.2 

112 15,0 90,0 5,8 0,5 Bed 5.6 


base to which no nutrients had been added. In the soil to which 
no nutrients were added, the numbers of rhizobia did not increase 
above the initial number added. Where nutrients were added, 
after twelve days incubation, the number of rhizobia had risen to 
approximately double the initial count. This is in marked con- 
trast with the counts of rhizobia in the peat-carbon mixture, 
where after twelve days incubation the number of rhizobia present 
had dropped to a fraction of those originally present, 

Table V contains the data of counts for bacteria in 
the inoculants stored in paper cartons. It ineludes counts for 


both sterile and unsterile inoculant bases, In the paper cartons 
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Table V, Plate counts of Rh. leguminosarum (Bz)in four 
inoculants, sterile and unsterile, incubated in paper care 
tons (millions per gran). 


Peate 
Ineuba- Sterile Unsterile 
tion odule Pere odule Pe rw 
time in bacteria Total cent bacteria Total cent 
days count count H20 count count H20 
0 35,8 55,8 137.4 55.8 58 oS 137 .4 
11 134,0 = 134,2 8,0 908,0 13044 
48 46,0 = 128,6 13.0 945,0 105,0 
77 72,0 o 114,0 1.0 754.0 102.6 
146 4.3 2 86.6 0,0 541.0 63.2 


PeateBlack Soil Mixture, 


0 35,8 55.8 81,0 55.8 S749 81,0 

ai 210,0 = 77,8 14.0 277,45 78,6 

48 107.5 @ 69.0 6,0 271.0 62,6 

77 103.0 os 59.4 509 229.0 65.4 

146 0.0 - 5096 0,9 150.0 50.2 
PeateCarbon Mixture, 

@) 55,8 05.8 6942 35,8 115,6 69,2 
11 49,0 = 66,8 14,0 878.0 64.6 
48 ‘284.0 = 58.6 5,8 853.8 53.4 
77 199,0 = 48,8 1,0 267.0 26,8 

146 11.6 @ 20,4 1,0 0910 220 
Black Soil. 

0 05.8 55.8 29.2 55.8 5649 2902 
il 147.0 = 27 44 O29 13523 25,8 
48 45.0 = 22.4 0.2 10,0 16.2 
77 21.5 = 18,8 0,7 1.7 15.4 

146 1,0 = 9.6 0.2 8.0 9.2 
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containing sterilized inoculant base, some recontamination did 
take place. However, this was infrequent and in such cases 
total counts were not recorded. In the sterilized bases the 
count of nodule bacteria rose quite high and remained at a 
fairly high level for the first 77 days incubation with the 
exception of the black soil. Here the count had fallen far 
below its maximm after 77 days incubation. Comparison of the 
data in this table with that in Tables II and III indicates that 
the numbers of rhizobia in sterile bases incubated in cartons 
do not rise as high as in similarly treated bases incubated in 
erlenmeyer flasks, The reason for the erlenmeyer flasks being 
better containers in which to culture rhizobia seems hard to 
determine. There are several factors which may have been con= 
tributory. Although total counts were not recorded, it was 
noticed that in. many of the sterilized bases incubated in cartons 
appreciable mold growth had taken place on the surface of the 
base. The mold may have had an inhibitory effect on the growth 
of the rhizobia. The paper cartons, in spite of being waxed, 
usually retained a lower percentage of moisture at the end of 
the incubation period than did the bases stored in cotton 
stoppered flasks, This is another factor which could have cone 
tributed to the lower count of rhizobia in the bases stored in 
cartons. However, it is questionable if this could account for 
all the difference since <n the early stages of incubation 
there was wually little difference between the moisture contents 
of the bases in cartons and those in flasks. A third possible 
factor is the difference in the initial number of bacteria in- 


troduced into the bases in the various experiments. In view of 
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the rapid multiplication of bacteria under favorable conditions, 
it seems questionable if this was of importance, 

In the unsterilized bases incubated in paper cartons, 
a similar trend to that obtained in unsterilized bases incubated 
in erlenmeyer flasks is evident. Here the tendency was to get 
high total counts coupled with low counts of rhizobia, As in 
other counts of rhizobia in unsterilized inoculant bases, the 
numbers of rhizobia had dropped quite sharply by the time that 
the second plate counts were made, They continued to drop in 
subsequent plate counts. When the final counts were carried out 
on the peat and peat-black soil mixtures, no rhizobia were 
present, while in the peat-carbon black mixture and the black 
soil the numbers were 1 and 0,2 millions per gram respectively. 
The total count in the unsterilized bases rose quite high, 
except in the black soil, but dropped off sradually as the 
inoculant base dried out. In the black soil the total count was 
only 15.5 million after 11 days incubation and never rose above 
that figure in subsequent counts. In the sterilized base, on 
the other hand, after 11 days incubation there were 147 million 
rhizobia present per gram. 

Table VI gives the data from Experiment V, an experi- 
ment which was identical with experiment I, except that red 
clover bacteria were used here instead of pea bacteria, It is 
therefore not surprising that the data in this table show 
similar trends to those found in the data of Table II. There are 
minor variations but these are not consistent enough to suggest 


any difference in the growth requirements of these two species 
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of bacteria, The differences can probably be accounted for on 
the basis of variability of the different flasks and variations 
in the plate counts, 

In the tightly stoppered sterile flasks the number of 
rhizobia rose. for the first few days and then dropped sharply. 
In each of the four inoculants the numbers of rhizobia had risen 
appreciably above the initial count after 14 days incubation, 
When the third count was made after 38 days incubation, the 
numbers of rhizobia had dropped significantly. When the fourth 
“eount was made after 70 days incubation, no rhizobia were found 
in the peat, peat-black soil mixture or peatecarbon mixture, 

In the black soil, for some reason, the numbers of rhizobia 

rose very rapidly between the third and fourth counts. This 
abnormally high count seems inexplicable on the basis of other 
results, particularly since there seemed to be no indication that 
air had entered the flask. , 

In the unsterile, but tightly stoppered, flasks, the 
results are again similar to those in Table II, ‘The ee of 
rhizobia dropped quite sharply from the beginning of the incuba- 
tion period in the peat, peateblack soil mixture and in the peat- 
carbon mixture. There were no rhizobia present in these bases 
by the 70th day. In the black soil the number of rhizobia rose 
anite markedly at first. However, by the 70th day the number 
of rhizobia had dropped to 0.2 millions per gram, 

In the sterile, cotton stoppered flasks the numbers 
of rhizobia rose quickly. The highest count was recorded at 


the second plate count after 14 days incubation. Thereafter the 
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numbers of rhizobia began to drop, the fall being most rapid in 
the black soil and least rapid in the peat-carbon black mixture 
where even at 142 days incubation there were 47 million rhizobia 
present per gram, 

In the unsterile, cotton stoppered flasks, the numbers 
of rhizobia dropped considerably in all the bases, except the 
black soil, by the time the second count was made. In the black 
soil when the first count was made, the numbers of rhizobia had 
approximately doubled over those initially introduced into the 
base, When the third count was made after 58 days incubation, the 
numbers of rhizobia had again fallen below those initially in- 
troduced into the inoculant base. When the final count was made 
after 142 days, there were 0,1 million rhizobia per gram in the 
black soil and none were present in the other inoculant bases, 
The total counts in the peat, peat-black soil mixture and the 
peat-carbon mixture were quite high and remained at quite a 
high level until the fourth count, at which time the numbers 
in all these bases began to fall off. In the black soil no 
high total counts were obtained, 

Table VII gives the results of counts from experiment 
VI, an experiment comparable to experiment II except that here 
red clover bacteria were used instead of pea bacteria. Compari- 
son of the results in these two experiments indicates similar 
trends but with a tendency towards lower counts in experiment VI 
than in experiment II, 

The number of rhizobia in the bases to which nutrients 
were added is, in every case but three (peat and peat-carbon 


mixture at 140 days and black soil at 20 days) definitely higher 
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Table VII. Plate counts of Rh, trifolii (W239) in four 
inoculants incubated in erlenmeyer flasks, sterilized and stop- 
pered with cotton (millions per gram). 


Peates. 

Incuba- Nutrients Added No Nutrients Added 
tion Nodule Per- Nodule 6 Y= 
time in bacteria cent bacteria cent 
days count Hp0 count He0 

0 §1.2 137.4 51.2 137.4 
20 600,0 131,4 274,0 1351,4 
48 246,0 125.8 106,90 119.2 
89 110.0 109.8 28.8 109.8 


140 13.4 94.6 17.2 87.8 
PeateBlack Soil Mixture, 


0 51.2 81,0 51.2 81,0 
20 1287.0 7153.2 493,90 75.6 
48 731.0 60.4 253,0 64,4 
89 180.0 58.6 114,0 54.6 

140 22.49 42.4 12.9 28.0 
PeateCarbon Mixture, 

8) 1.2 69.2 51.2 69.2 
20 1132.0 64.0 675.0 635.8 
48 1462,0 55.2 866.2 58,0 
89 761,5 41,0 59520 49,0 

140 128.0 20,6 157.0 2508 
Black Soil. 

) | 51.2 29.2 51.2 29.2 
20 276.90 22.8 348,0 25.4 
89 19.2 5.4 8.5 o.4 

140 13.0 0.2 5.4 1.2 


than the bases to which no nutrients were added. The highest 
counts were recorded at the second count in the peat, peat-black 
soil mixture and in the black soil, both where nutrients were 


added and where they were not added. In the peat-carbon mixture 
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the third count after 48 days showed the greatest number of 
rhizobia present. In general the highest counts were obtained 
in the peat-carbon mixture, the peat-black soil mixture being 
second in this regard, followed by peat and black soil in that 
order, 

The data in Table VIII give the counts of red clover 
bacteria in inoculant bases stored in paper cartons. Here the 
numbers of rhizobia in the sterile base rose quite rapidly. The 
highest count was recorded at 8 days in the peat, peat-carbon 
mixture and in the peateblack soil mixture. In the black soil 
the highest count was recorded after 36 days incubation. There- 
after the numbers fell rapidly; after 146 days incubation the 
peat-carbon mixture, which had a count of 5.8 millions per gram, 
was the only base with more than 1 million rhizobia per gram. In 
the unsterile soil the counts of rhizobia dropped quite rapidly 
from the initial number of 35.5 million per gram in the peat, 
peat-black soil mixture and in the peat-carbon mixtures These 
bases contained correspondingly high total counts, which may, 
in part at least, account for the rapid drop in the numbers of 
rhizobia present. In the black soil the numbers of rhizobia 
rose considerably during the first 8 days of incubation, but by 
the time that the third count was made after 36 days incubation, 
the number of rhizobia had again fallen to a level below that 
initially present. When the final count was made at 146 days, there 
were no rhizobia present in either the black soil or in the peat- 


black soil mixture, 
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Table VIII. Plate counts of Rh. trifolii (W239) in four 


{noculants, sterile and unsterile, incubated in paper cartons 


(millions per gram). 


Peat. 
Incuba- Sterile Unsterile 
tion ule Per- ule ere 
time in bacteria Total cent bacteria Total cent 
days count Count H,0 count count Hd 
0 33.3 $5.5 137.4 33.3 35.8 137.4 
8 175.9 - 136.4 6.5 17245 151.0 
36 62.5 - 131,8 5.0 388,0 124.4 
68 65,0 - 123,8 8,0 558,0 109,2 
146 0.9 4.2 75.8 ‘0.2 164.6 66.6 
PeateBlack Soil Mixture, 
0 55.95 95.5 81,0 55.98 54,8 81,90 
8 191.5 = 80,9 369 87,4 79.44 
36 105,09 os 69,6 9,0 183.0 7262 
68 10, 7 = 68.8 1.2 535.2 64,9 
146 0.1 13.6 42.0 0,0 9.6 28.4 
PeateCarbon Mixture, 
0 35.3 9529 69.2 DOeO 113.1 64692 
8 569,0 - 67.6 Lee 72.6 68,8 
36 253.0 «s 64,0 7.0 177.0 67,0 
68 52.0 = 57,8 1,0 255.0 64,2 
-146 5.8 9el 5008 0.9 116,4 21.4 
Black Soil. 
@) Ke Yo Ia 35.9 29.2 OOed 55.8 29.2 
8 106.0 = 28.6 75.0 81,0 2949 
356 149,090 = 24,4 28,0 75.0 27.8 
68 Ye = 16.2 2.4 27.0 24.5 
146 0.7 5.4 11.8 0,0 5.4 17.28 


The results of plate counts of rhizobia given in 
these tables are in agreement with those of some workers and at 
variance with those of others. Ockerblad (38), Fred, Whiting and 
Hastings (18), and Gangulee (2) found aeration to be an important 
factor in the growth of rhizobia, and results reported here support 


these findings, whereas Edwards (11) and Jones (28) report 
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satisfactory growth of various species of these bacteria in 
sealed containers. Duggar and Prucha (10) report better growth 
of rhizobia in sterile than in unsterile soil. Sackett (45) 

and Nobbe and Hiltner (reviewed by Fred et al (14)) report that 
the general soil flora is antagonistic to rhizobia. Experiments 
reported here show clearly that under conditions of these experi- 
ments sterile bases were much siperior to unsterilized bases for 
culturing rhizobia, This result does not conflict with reports 
made by Bottomley (8), Manns and Goheen (34), Fellers (13) 

and Lohnis and Hansen (31), sinee no attempt was made to study 
growth of rhizobia with pure cultures of specific soil organisms 
as did these workers, Truesdell (55) reports the beneficial 
effect of phosphorus on the growth of alfalfa bacteria in sterile 
soils; Temple (52) found that the addition of various energy 
sources increased the growth of rhizobia in a similar medium, 
while the beneficial effect of calcium on the growth of rhizobia 
outside the host plant has been noted by many workers, including 
Pitz (41), Fulmer (19), Thornton (53) and Alicante (5). There 
‘is general agreement between these findings and resuits reported 
here, 

It is realized that it would have been desirable to 
supplement the plate countsof rhizobia in the inoculants with 
cultural experiments. However, time and facilities did not 
permit the carrying out of such work. Nevertheless a table has 
been set up to indicate the length of time for which the various 
inoculant bases remained effective. This is based on a statement 


made by Fellers (13). He found that cultures which contained more 
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than ene million rhizobia per gram usually were effective in 
producing nodules on leguue plants when applied to the seed 
before planting. ‘Such a criterion of effectiveness of cultures 
is at best merely a guide. 

In the analysis of the various inoculant bases for 
available nutrients, there were, for the most part, few clear 
eut differences between the different dybkccenti 

Table XI gives the data for the unsterilized and un- 
inoculated bases to which nutrients were added and for similarly 
treated bases to which no nutrients were added. The results for 
the calcium here are quite typical of those found for ail the 
treatments, The amount of available calcium appears quite high 
in all the bases, as determined by this method, but shows little 
variation, ‘Some differences are recorded in the amounts of avail- 
able potassium. The data show an increase in available potassium 

in every ease where nutrients are added to the inoculant babe, 

The content of available potassium shows a perticularly marked 
inerease in the peat on the addition of nutrients. The content 
of available potassium is quite markedly higher in the peat-carbon 
mixture and in the black soil than in the other two inoculant 
bases. In the content of available phosphorus, as in the case 
of available potassium, there are some variations between the 
inoculant bases. The available phosphorus in the peat and in the 
péeateblack soil mixture is quite low, while in the other two 
bases it is fairly high. After addition of nutrients to the soil, 
increases of available phosphorus are shown in all the bases 
except the black soil where for some reason there was no ‘nerens 


shown. The content of nitrate nitrogen is quite low in the peat 


teh 
we 


<niy bao box finotesut oct cos adwb ead 
eivaitnts 26% han Sebba Sugw oteetesin oti 
<e0% etfweos oil. «bobbs ovfewse 108 | 


-L[isva to sdérven ett it debitoser exe 
mteastoq eldiitave at eusstont a woe aa ‘a ae 
28nd snasusent etd. 03 bebbe ote canted: : oer ons 
Berries elraleottrag B gwortk. sortase: otesttawe “ enenieoille 7 Tite 
testi od ati tudin to no eibie ot no ” - bat ob weaonea . Wy 


dnaLusont owt ‘tonto ant oi nists tfow aoald ond at Savas onststit oe ay) 
é0n9 on nf aa  arcosianosia efdeliava te dnpd abo, weld nel .2onad ‘ee 
edd moowted enc the inev ‘ouOB etna exert este } olde trav 36 | 


ec ml bow deeq oft nt exrordqacsta eidac hewn emt oan ‘snatwoday ee: 


9 aneapilamammiae il are ca anealilinlaienne 
eazeton! on saw omeris ACeset emo#F OX savas Lea oat oat as ae 


oak Said Gi Se 
1? 7] Zz ‘ : 7 ‘ h doa : AY re ta . ee 


- 51 - 


Table IX. Incubation periods between which Rh. leguminosarum 
fell from over one million per gram to less than one mi on 
per gram. 


Se ee te MMR) Soy le ot CR eta 


Black Peate 

Soil Carbon Black 
Treatment Peat Mixture Mixture Soil 
Sterilized flasks, 10-38 10-38 10-38 58-72 


no nutrients added, 


tightly stoppered, 
Sterilized flasks, more than more than more than 72-14 


no nutrients added, 148 148 148 

cotton stoppered. 

Unsteri lized flasks, 1l0-3so 10-358 10-38 more 
no nutrients added, than 


tightly stoppered it 148 
Unsterilized flasks, 72-145 72-148 38-72 72-148 
no nutrients added, | 


cotton stoppered, 
terilized flasks, more than more than more than more 


nutrients added, 141 141 141 than 
cotton stoppered,. 141 
terilized flasks, more than more than more than more 
no nutrients added, 141 141 141 than 
cotton op oogeR eC: 141 
nsterilize asks, = - Qe 112 more 
nutrients added, than 


cotton stoppered. 112 
nsterilized flasks, = = 70-112 -11 
no nutrients added, 


cotton stoppered, 
Sterilized cartons, more than 1m Lag more than 146% 


no nutrients added, 146 146 
Unsterilized cartons, 77-146 77-146 146% 11-48 


no nutrients added, 


- not determined, 


* count of 1 million per gram at 146 days, 
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Table X, Incubation periods between which Rh. trifolii 
fell from over one million per gram to less than one million 
per gram. 


Peate 

Black Peat- 

Soil Carbon Black 
Treatment Peat Mixture Mixture Soil 
Sterilized flasks, 14-58 58-70 14-58 70-142 


no nutrients added, 


tightly stoppered, 
terilized flasks, more than more than more than 70-142 


no nutrients added, 142 142 142 


cotton stoppered 
Unste rilized flasks, 38-70 58% 58-70 58-70 


no nutrients added, 


tightly stoppered, 
Unsterilized flasks, 70-142 OS# 70-142 58-70 


no nutrients added, 


cotton tees 
erilize asks, more than more than more than more 


nutrients added, 140 140 140 than 
cotton cs ae, mien 140 
terilized flasks, more than more than more than more 
no nutrients added, 140 140 140 than 
cotton stoppered. 140 
Sterilized cartons, 68-14 65-146 more than 68-14 
no nutrients added, 146 
Unsterilized cartons, 68-146. 68-146 68% 68-146 


no nutrients added, 


#% one million becteria per gram, 


and peateblack soii mixtures and is appreciably higher in the 
black soll. The content of ammoniaecal nitrogen is fairly high 
in the peat and peateblack soil mixture and is generally lower 
in the black soil. The pH of the veat and peat-black soil mixe 
ture here as in the other tables is slightly on the acid side, 
while the peatecarbon mixtures and the black soil are both 
approximately neutral. The addition of the nutrient mixture, 
which wunteiued esteru carbonate, resulted in a slight rise in 


pH in every case, 
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Table XI, Reaction and availability of nutrient elements in un- 
sterilized and unincubated inoculant bases (availability in p.p.m.) 


Peat- 


Black Peate 
Soil Carbon Black 
Element Peat Mixture Mixture Soil 


No nutrients added, 


Ca 3000 3000 3000 3000 
K 65 115 200 150 
P 5 20 40 40 
NO3-N 20 40 . 60 
NH3-N 100 100 - 25 
pH 5,9 6,0 7,0 7.0 


(Ca-1400 p.pom,. 
Nutrients added: (K = 300 pepem. 
(P = 125 PePeMe 


Ca 2500 2500 3000 2000 
K 250 250 300 300 
P 40 40 80 40 
NO3-N 10 30 = 50 
NHz-N 65 50 ~ 50 
pH 6.0 6.2 cre vot 


- these determinations not made, 


Table XII gives the data for available nutrients in 
bases which had received similar treatments to those analyzed 
in Table XI, except that here they were sterilized, As before, 
the amount of available calcium is generally high, showing little 
variation. The content of available potassium is again quite 
low in the peat but shows a marked increase where the nutrients, 
which included potassium, were added. In the other three bases 
the amounts of available potassium were generally higher than 
in the peat and were not inereased by the addition of nutrients. 
It is possible that the sterilization treatment may have been 


responsible for this, The quantities of available phosphorus are 
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Table XII. Reaction and availability of nutrient elements in 
sterilized, unincubated inoculant bases (availability in p.p.m.) 


Peate 
Black- Peate 
Soil Carbon Black 
Element Peat Mixture Mixture Soil 


No nutrients added, 


Ca 3000 3000 3000 2000 
K 25 145 300 275 
P 10 20 80 40 
NOg-N -. 40 ‘5 50 
NH3-N 200 200 * 50 
pH 6.0 6.2 6.9 6.9 


(Ca-1400 p.p.m. 
Nutrients added: (K - 300 p.p.m. 
(P ~ 125 pepom. 


Ca 2000 5000 3000 2000 


K 150 150 300 140 
P 10 20 100 30 
Nos-N 20 40 i , 50 
NHz-N 200 200 . 75 
pH 6.0 6.3 %.1 7.2 


@ these determinations not made, 


quite low in the peat and pasion ean soil mixture, but are 
appreciably higher in the black soil and in the peatecarbon mixe 
ture. No significant changes are apparent in the bases to which 
nutrients were added over that to which no nutrients were added. 
The amounts of nitrate nitrogen are again, as in Table XI, quite 
low in the peat and peat-black soil mixture, and are somewhat 
higher in the black soil, being more or less unaffected by the 
addition of nutrients. This is not surprising since the nutrient 
mixture contained no nitrogen. The content of anmmoniacal nitrogen 
was very markedly increased by sterilization, particularly in the 


peat and the peateblack soil mixture and to a lesser extent 
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in the black soil. This is in keeping with the findings of 
Simpson (50). The reaction of these four bases appears to be 
unchanged by the sterilization, since the differences between 
the pH's recorded in Table XII and those recorded in Table XI 
are well within error of successive determinations. 

Table XIII gives the data for available nutrients in 
inoculant bases which were sterilized and then incubated. The 
amounts of available calcium again show no variation, The figures 
for available potassium are quite high but show no consistent 
variation with addition of nutrients. The content of available 
phosphorus is low in the bases towhich no nutrients were added, 
being slightly increased by the addition of the nutrient salts 
as shown by the tests. The amounts of nitrate nitrogen are 
quite low except in the black soil and peateblack soil mixture 
to which no nutrients were added. Here quite an anpreciable 
amount was found. As in the experiments recorded in Table XII, 
the amounts of ammoniacal nitrogen are increased in the peat and 
peat-carbon mixture by sterilization. The content of ammonia 
remained quite low in the black soil despite the sterilization. 
The pH's of the bases seem to be unaffected by the ‘sterilization 
and incubation, but are frequently slightly increased by the 
addition of the nutrient mixture, 

Table XIV gives the data for the inoculant bases 
which were unsterilized and incubated, Here also little can be 
concluded from the results of the calcium analysis exeept tint 


this element is present in quite large quantities, 
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Table XIII. Reaction and availability of nutrient elements 
in sterilized and incubated inoculant bases (availability in 


P.Dem. ) 


Peate 

Black Pea te 

Soil Carbon Black 
Element Poat Mixture Mixture Soil 


No nutrients added ~- incubated 158 days, 


Ca _ 3000 3000 3000 2000 
K 125 250 300 250 

P 5 20 40 30 
NOg-N Tr, 50 - 60 
WH3-N 375 315 “ 50 

pH : 5.9 6.1 Tel 6.9 


(Ca-1400 p.pems) 
Nutrients added: (K = 300 psp.m.) = incubated 134 days, 
(P - 125 PeDeMe ) 


Ca 3000 3000 3000 3000 
K 200 200 300 300 
P 20 40 80 40 
NOz-N 15 20 ae Tr. 
NHz-N 250 180 - 25 
pH 6.0 6.3 7.0 7.4 


~ these determinations not made, 


The results for available potassium are again quite 
high, showing little significant difference between bases to which 
nutrients were added and those to which no nutrients were added, 
The amounts of phosphorus are low in the peat and peatecarbon 
mixture and higher in the other two bases, but are unchanged 
by the addition of nutrients. In the bases to which no nutrients 
were added, quite interesting results were obtained in the anmonia 
and nitrate nitrogen determinations. The latter were high while 
the former were quite low, indicating that nitrification had 
taken place. In the black soil where nutrients were added, these 
results were not obtained; in this case both the nitrate nitrogen 

and the ammoniacal nitrogen contents were low. In this table the 


results for reaction of the inoculants showed some variation from 
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Table XV, Reaction and availability of nutrient elements in un- 
sterilized and incubated inoculant bases (availability in pepem.) 


Peat~ 

Black Peat- 

Soil Carbon Black 
Element Peat Mixture Mixture Soil 


No nutrients added - incubated for 158 days. 


Ca 3000 3000 3000 3000 
K 125 250 300 250 
P 10 20 80 30 
NOg-N 250 200 “ 80 
NHz-N 15 15 - 15 
pH 5.5 5.8 743 6.8 


(Ca-1400 PePome) 
Nutrients added: (K = 300 p.p.m.) incubated for 103 days. 
(P - 125 p.p.m.) 


Ca ~ ~ 3000 2000 
K - - 250 300 
P - - 80 40 
NOg-N - - = 15 
NHg-N - - “ 15 
pH vent sai Tel 7.0 


- these determinations not made, 


what might have been predicted. The pH values of the peat and of 
the peateblack soil mixture are considerably lower than in the 
other tables. The reactions of the other two bases are quite in 
line with what might have been expected. 

In conclusion it might be said that the method of 
analysis used did not appear to be very sensitive. There are 
practically no consistent significant differences in availability 

of elements in the bases receiving different treatments. Although 
quite large amounts of potassium, phosphorus and calcium were 
added in the nutrient mixture, these additions are not always re- 


flected in the results of the analysis. This is hard to explain, 
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particularly since the growth of bacteria, both legume and 
general soil flora, was significantly increased by the addi- 
tion of these nutrients. There is, however, one apparently 
significant and consistent difference shown by these data. The 
amounts of ammoniacal nitrogen are greatly increased in the 


peat and the peateblack soil mixture by sterilization. 


It is felt that this study of the factors which affect 
growth of rhizobia in humus and soil cultures should be continued. 
Cultural experiments in which ‘inoculants are applied to legume 
seeds to be grown under bacteriologically controlled conditions 
should be included. “uch work should compare commercial ino- 
culants with ones such as those reported here, these com- 
parisons should involve plate counts of rhizobia in cultures and 
a determination of their effectiveness in producing nodulation 
on leguminous plants. 

A need for two other types of study is indicated 
also. It would seem desirable to make a more comprehensive study 
of the effect of addition of nutrient elements such as phosphorus, 
calcium and potassium, various energy sources and vitamins to 
the inoculant bases, 

Results indicate the desirability of using pure culture 
commercial inoculants stored in a type of container allowing 
aeration. A study of containers is therefore needed in order 


to develop the most suitable type for commercial inoculants. 
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SUMMARY. 


1. The work reported here is a study of the factors influence 
ing the growth of rhizobia in humus and soil cultures. The 
object of this study was to determine the effect of moisture, 
aeration, and composition of the growth medium on the growth 
curve of rhizobia at room temperature. Four inoculant bases 
were used in this work - peat, a mixture of peat with black 


soil, a mixture of peat with carbon black and a black soil. 


2. The growth of rhizobia is affected by the percentage moisture 
in the base, At 30 percent of the water holding capacity of 

the base very rapid growth takes place and high counts of 
rhizobia are obtained for several weeks, As the base dries out, 


the numbers decrease sharply. 


5. The presence of other soil microorganisms has an inhibitory 
effect on the growth of rhizobia. Higher counts of rhizobia 
were obtained in the sterile than in the unsterile bases. The 
difference between numbers of rhizobia in the sterile and un- 
sterile wines S22 less noticeable in the black soil than in the 


other bases, 


4. When no aeration was allowed, the rhizobia, although they 


increased for a time in the sterile base, soon died out completely. 


5. Addition of a nutrient mixture containing sucrose, calcium 
carbonate, di-potassium hydrogen phosphate, sodium chloride, and 
magnesium sulphate increased the counts of rhizobia in the sterile 


base. In unsterile base the beneficial effect of nutrients was 
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offset by the inhibitory effect of other microorganisms, 


6. The counts of rhizobia in sterile bases were lower when 
stored in paper cartons than when incubated in erlenmeyer 
flasks. This may have been due to recontamination of the 


cartons, 


7. ‘he growth curves of Rh. leguminosarum (pea bacteria) and of 


Rh. trifolii (red clover bacteria) were similar, 


8. When sterilized, the peat-carbon mixture was the best of the 
four inoculant bases studied for the culture of rhizobia. In 
the unsterile condition the highest counts of rhizobia were ob- 


tained in the black soil, 


9. A summary of the ineubation periods during which the numbers 
of rhizobia fell from above one million per gram to below that 


figure are given in Tables IX and X, 


10, There is a positive correlation between the amounts of 
phosphorus, potassium, and calcium and the numbers of rhizobia 
the base will support. Addition of these elements increased 


the growth of rhizobia, 


11. The amount of ammoniacal nitrogen was increased by sterili- 


zation of the high humus bases, 


12, Nitrification took place during incubation of some of the 


unsterilized bases. 
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13. The method of analysis used to determine easily soluble 
nutrients did not seem to reflect addition of calcium as cal- 
cium carbonate. The tests reflected the additions of phosphorus 


and potassium but not in the amounts added, 


14. Sterilization of these bases did not affect their reaction. 
Addition of calcium carbonate usual ly resulted in a slight 


increase in pHs 
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